An objective method of assessing breastfeeding practices is required to evaluate progress toward the World Health Organization Global Target 2025: to increase exclusive breastfeeding (EBF) rates in the first 6 months to at least 50% by 2025. Currently, assessment of EBF at the population level is based on mother or caregiver reporting, which risks recall and social desirability bias. A more objective method is the deuterium oxide dose to mother (DTM) technique, in which lactating mothers are given a small amount of deuteriumlabeled water. The infant receives deuterium during breastfeeding, and a compartmental model is used to determine the amount of human milk consumed by the infant, and the exclusivity of breastfeeding practices. If the amount of human milk consumed by an infant is determined using the DTM technique and the concentration of nutritional components or potentially toxic contaminants is measured, then the infant's intake of essential nutrients or environmental contaminants can be ascertained.
Introduction
The World Health Organization recommends exclusive breastfeeding (EBF) of infants for the first 6 months, followed by continued breastfeeding and appropriate complementary feeding up to 2 years of age for optimum health, growth, and development [1] . Although the significance of EBF during early infancy has been specified as a global health priority, EBF rates remain low in many countries. In 2012, the 65th World Health Assembly set a global target to increase EBF rates in the first 6 months after birth from 38% to at least 50% by 2025 [2] . An objective, accurate method to assess breastfeeding practices is required to evaluate progress toward this target. Currently, assessment of EBF at the population level is based on mother or caregiver reporting, which risks recall and social desirability bias [3] [4] [5] [6] [7] . A more objective method is the deuterium oxide dose to mother (DTM) technique. The DTM method provides an estimate of the amount of human milk consumed by breastfed infants and the exclusivity of breastfeeding practices. Coward et al.
The article is part of the Proceedings of the International Symposium on Understanding the Double Burden of Malnutrition for Effective Interventions organized by the International Atomic Energy Agency (IAEA) in cooperation with United Nations Children's Fund (UNICEF) and World
Health Organization (WHO) (10-13 December 2018, Vienna, Austria).
All rights reserved. This is an Open Access article licensed under the terms of the Creative Commons Attribution 3.0 IGO License (CC BY 3.0 IGO)https://creativecommons.org/licenses/by/3.0/igo/#). Usage, distribution and reproduction in any medium or format, even for commercial purposes, is permitted, provided the original work is properly cited. DOI: 10.1159/000503667 [8] introduced the method in 1982. It uses well-established tracer methods for determining input and output rates in body pools using compartmental modeling techniques. Lactating mothers are given a small amount of deuterium-labeled water. Deuterium is a stable isotope of hydrogen. There is no radiation hazard associated with the use of stable isotope techniques, and there are no adverse effects at the levels consumed in the DTM method [9] [10] [11] . The infant receives deuterium during breastfeeding, and a compartmental model is used to determine the outputs: amount of human milk consumed by the infant per day and the exclusivity of breastfeeding practices. The method was subsequently refined during an IAEA Coordinated Research Project, and an Excel spreadsheet was produced to standardize the calculations. This spreadsheet uses the Solver function of Excel to fit the model to the data using the method of least squares. Figure 1 shows examples of the deuterium enrichment in the saliva of mothers and their EBF (a), and partially breastfed (b) infants. The cutoff for EBF was determined empirically as 25 g water per day from sources other than human milk [12] [13] [14] . The method also provides information on the body composition of the mother.
In 2010, da Costa et al. [15] published a pooled analysis (n = 1,115 measurements) of the amount of human milk consumed by breastfed infants, aged from 1 week to 24 months. Data were obtained from 737 infants in 12 countries on 5 continents, including Bangladesh, Brazil, Chile, Kenya, Malawi, Mexico, Papua New Guinea, Senegal, The Gambia, USA, UK, and Zambia. The overall human milk intake estimate from the model excluding age effects was 0.778 (95% CI 0.717-0.839) kg/day. There was a rapid rise from 0.60 kg/day (95% CI 0.51-0.70) during the first month of life to 0.82 kg/day (95% CI 0.74-0.91) at 3-4 months and then very little decline until around 8-9 months. The variability of intake increased in late infancy. Boys consumed 0.05 kg/day more than girls (p < 0.01). Over the past 10-15 years, through its technical cooperation and coordinated research programs, the IAEA has worked with its Member States in Africa, Asia, and Latin America to establish capacity for using stable isotope techniques to assess breastfeeding practices. An IAEA database has been established containing data on infant feeding and growth (and maternal body composition) from 691 mother/baby pairs from Africa (represented by Benin, Central African Republic, Ghana, Kenya, Morocco, South Africa, Tanzania), 258 pairs from Asia and the Pacific (represented by India, Sri Lanka and Thailand), and 301 pairs from Latin America and the Caribbean (represented by Argentina, Brazil, Chile, Cuba, Dominican Republic, Ecuador, Guatemala, and Uruguay). Although the amount of human milk increases during the first 6 months, when expressed as g or kg/day, it gradually decreases when expressed as g/day/kg body weight ( Fig. 2 ). Preliminary analysis shows that there is no difference in the amount of human milk consumed per day by exclusively breastfed infants in different regions of the world, when this is expressed relative to the infant's body weight. Two recent IAEA supported studies in Africa in areas with high HIV prevalence (poor, urban areas of Kenya and South Africa) have shown that HIV-infected mothers can exclusively breastfeed their infants without compromising their own body composition [16, 17] . In Kenya, the HIV-infected women were more likely to exclusively breastfeed their infants than the HIV-uninfected women. South African infants, who were exclusively breastfed for 6 months, had less gut inflammation and higher fat free mass than infants who were not exclusively breastfed [18, 19] . Studies in poor, ur- ban areas of Sri Lanka and Bolivia have also used the DTM technique to quantify human milk intake [20] [21] [22] . Concerns are sometimes expressed that the lactation performance of undernourished women might be compromised by their nutritional status. A study in rural Pakistan that included women with body mass index ranging from 16.6 to 29.1 kg/m 2 found that EBF tended to be associated with lower maternal body fat, but that there was no evidence for compromised lactational performance due to malnutrition [23] . If the amount of human milk consumed by an infant is measured using the DTM technique and the concentration of nutritional components or potentially toxic contaminants is measured, then the infant's intake of, for example, vitamin A, zinc, arsenic, or other contaminants can be determined [24] [25] [26] [27] [28] [29] [30] . Some examples include: • Studies using this approach have shown that poor vitamin A intake is still a public health concern in Mexico [24]. Infants from urban areas received 66% of their recommended dietary intake from human milk, but infants from rural areas received only 49%. • In Senegal, the government was about to introduce fortification of cooking oil with vitamin A with the aim of improving the vitamin A status of women of childbearing age and their children. A study was undertaken to assess 6-months-old infants' vitamin A intake from human milk and vitamin A status of infants and their mothers before the fortification program was widely implemented [25] . The study found that vitamin A deficiency was a concern and the oil fortification program could be a good way to improve the vitamin A status of lactating women and their infants. • In Bangladesh, it was shown that zinc transferred through breast milk did not differ between predomi-nantly breast-fed infants who were appropriate-and small-for-gestational-age and breast milk zinc concentration was similar to that of wealthier countries [26] . • Infants' exposure to toxic metals (arsenic, lead, and mercury) during breastfeeding has been documented in gold mining areas of Ghana [27] , but studies in Bangladesh and Chile have shown that the concentration of toxic elements in human milk is less than in the local drinking water, and therefore lower amounts were transferred to exclusively breastfed infants compared to those who additionally received other foods [28, 29] . • Mother to infant transfer of pesticide residues during breastfeeding was measured in agricultural and urban areas of Sonora province, Mexico. The intake did not exceed the acceptable daily intake for humans [30] . The same approach could be used for any nutrient or environmental contaminant.
New Developments
Although the DTM technique is noninvasive and relatively simple to perform, the need to collect seven saliva samples over a 2-week period makes it unsuitable for routine use in a public health setting. A less time and resource intensive protocol, capable of distinguishing EBF from non-EBF practices with acceptable accuracy, compared to the full protocol was recently investigated. In doing so, the empirical threshold of 25 g/day of nonmilk water intake used to distinguish EBF was tested using the DTM technique in a group of healthy Indonesian breastfeeding infants [31] . A total of 121 mother-infant pairs were recruited. The infant feeding practices were observed in the mother's home by trained field assistants recruited from the local community, from 6 am to 6 pm each day on 6 nonconsecu- tive days over the 2-week protocol. A pharmacokinetic modeling approach was used to determine the nonmilk water cutoff using a Bayesian framework. The new cutoff is 86.6 g/day. This value is the maximum water intake that is recommended for an infant to be classified as EBF. Next, data were pooled from 9 countries including 790 mother-infant pairs to develop and validate a series of shortened sampling designs to assess the intake of water from sources other than human milk using the newly established cutoff value. The full DTM study design was used as the reference (gold standard classification). The new protocol involves 3 sampling times (1 pre-dose and 2 post-dose), with a number of post-dose sampling day options that could be selected based on the practicalities of the sampling time frame and an understanding of the level of precision required [32] . The use of the shortened protocol will enable the DTM technique to be used to validate information on breastfeeding practices collected during national nutrition surveys. Furthermore, the ability of the shortened DTM protocol to accurately quantify the volume of human milk consumed by the infant is currently under investigation (unpublished data).
Conclusion
The DTM technique is a valuable research tool for obtaining objective data on breastfeeding practices and the intake of nutrients and potentially toxic environmental contaminants. A protocol with fewer sampling times, but acceptable accuracy will enable the technique to be used more widely. As such, increased monitoring and evaluation of infant feeding practices will allow countries to better target intervention programs to protect, promote, and support EBF practices of infants up to 6 months of age.
